Introduction {#Sec1}
============

Multiple genetic and environmental factors increase the risk for developing schizophrenia.^[@CR1]^ For example, genetic variation in dysbindin-1 (*DTNBP1*) is associated with schizophrenia as confirmed in various populations^[@CR2],[@CR3]^ and schizophrenia patients with normal *DTNBP1* sequence have reduced dysbindin-1 expression in the brain.^[@CR4]--[@CR7]^ Environmental insults such as viral infections during neurodevelopment increase the risk of developing schizophrenia.^[@CR8]^ Polyinosinic-polycytidylic acid (polyI:C) is an immunostimulant commonly used to mimic viral infection during early development in animal models of schizophrenia.^[@CR9],[@CR10]^ PolyI:C is a synthetic analog of double-stranded RNA (dsRNA) and it is specifically recognized by toll-like receptor 3 (Tlr3), which, in turn activates the transcription factor RelA resulting in strong innate immune responses.^[@CR11]^ RelA and another transcription factor, Sp1, transactivate each other during viral infections^[@CR12]--[@CR15]^ and both RelA^[@CR16]^ and Sp1^[@CR17],[@CR18]^ are implicated in schizophrenia.

Maternal inflammation during pregnancy is commonly used as an animal model of schizophrenia, however in our study we used polyI:C injections during postnatal day 5 (P5) to P9 for several reasons. Based on a mathematical model for translating neurodevelopmental events across mammalian species (<http://translatingtime.org>),^[@CR19]^ brain growth and neurogenesis (in the striatum, limbic system and also the whole brain) of the mouse at P5 (postconception (PC) day 23.5) and P9 (PC day 27.5) translate to PC day 173 and 236, respectively, in the human which spans the second to third trimester.^[@CR19]^ Of interest, these times in mice and human lie within a peak period of brain growth, gliogenesis, increasing axonal growth and dendritic density and immune system development.^[@CR19],[@CR20]^ In addition, we used postnatal mice in order to study the direct impact of polyI:C on the developing postnatal brain and avoid the complications of maternal-fetal immune crosstalk. Furthermore, a number of epidemiological studies show increased risk of developing schizophrenia after early postnatal infection.^[@CR8]^ Interestingly, a recent study suggests that maternal infections during pregnancy contribute to the risk of childhood infections, which together increase the risk of psychosis.^[@CR21]^

Epidemiological studies also suggest that gene and environment (GxE) interactions increase the risk of developing schizophrenia compared to a single factor alone.^[@CR22]^ Similarly, animal models of schizophrenia with GxE interactions worsened the histological and behavioural phenotypes compared to a single risk factor.^[@CR23]^ However, it is unclear how combined GxE risk factors amplify schizophrenia risk.^[@CR1]^

In this study, dysbindin-1 mutant Sandy (Sdy) mice, which display schizophrenia-like behaviours and neuropathology,^[@CR3],[@CR24],[@CR25]^ were injected intraperitoneally (i.p.) with polyI:C during early postnatal development and used to model a GxE interaction. We characterized phenotypes in adulthood and at P12, a few days after the final polyI:C injection in order to allow cellular phenotypes to appear, and to detect gene expression responses before they disappear. We focused on the subventricular zone (SVZ), a neurogenic stem cell niche lining the lateral ventricle close to the choroid plexus, a major route of exchange between blood and brain.^[@CR26]^ SVZ cells proliferate throughout life in rodents and generate neuroblasts that move in the rostral migratory stream (RMS) to the olfactory bulbs. The SVZ also contains microglia that are constitutively more activated than in non-neurogenic regions.^[@CR27]^ Therefore, the SVZ is an excellent system for elucidating not only neurodevelopmental but also inflammatory mechanisms regulated by GxE risk factors. The impact of systemic polyI:C inflammation on *Tlr3*-*RelA*-*Sp1* response of SVZ cells was studied in vivo as well as in vitro in neurospheres. We sought to determine if mutated *Dtnbp1* gene might directly influence polyI:C-induced *Tlr3*-*RelA*-*Sp1* signaling in the SVZ. Our other aims were to determine whether the GxE interaction may affect neurodevelopmental and immune cells or schizophrenia-relevant behaviours. Together, our data provide novel insights into the molecular basis of GxE amplified phenotypes.

Results {#Sec2}
=======

Postnatal polyI:C caused behavioural abnormalities relevant to schizophrenia in adult Sdy mice {#Sec3}
----------------------------------------------------------------------------------------------

Most behavioural alterations in schizophrenia emerge in young adulthood even though genetic and environmental risk factors primarily affect perinatal neurodevelopment. We queried if schizophrenia relevant behaviours were altered in adult Sdy mice after postnatal polyI:C injections (Fig. [1a](#Fig1){ref-type="fig"}). A two-way ANOVA showed a significant main effect of polyI:C treatment on locomotor activity (*F*(1,52) = 8.793; *P* = 0.0046). Tukey's post hoc test revealed reduced locomotion specifically in the Sdy polyI:C group compared to the Sdy saline group (*N* = 12--17; Fig. [1b](#Fig1){ref-type="fig"}). In the prepulse inhibition (PPI) test (Fig. [1d, e](#Fig1){ref-type="fig"}), two-way ANOVA revealed a significant main effect of genotype (*F*(1,44) = 10.3; *P* = 0.0025) and a significant genotype x polyI:C interaction (*F*(1,44) = 4.558; *P* = 0.0384). Further analysis using Tukey's post hoc test revealed a significantly reduced PPI in Sdy, but not WT mice postnatally injected with polyI:C (*P* \< 0.01; *N* = 12 per group; Fig. [1d, e](#Fig1){ref-type="fig"}) indicating schizophrenia-relevant sensorimotor deficits. This effect is not due to a difference in the startle response to 120 dB tone pulses between the groups (two-way ANOVA; *N* = 12 per group; *P* \> 0.05; Fig. [1c](#Fig1){ref-type="fig"}). A novel object recognition test was used to assess cognitive memory. Adult WT saline mice spent longer exploring a novel than a familiar object (a value significantly different from 0.5 chance level) as determined using Student's two-tailed *t*-test (*t*(22) = 2.54; *P* = 0.0184; *N* = 12 per group; Fig. [1f](#Fig1){ref-type="fig"}). In contrast, the other groups did not show preference for a novel object (*N* = 12 per group; Fig. [1f](#Fig1){ref-type="fig"}), suggesting deficits due to polyI:C and/or dysbindin-1 mutation. There was no difference in the time mice explored objects during the familiarization phase (Fig. [1g](#Fig1){ref-type="fig"}). These data suggest postnatal inflammation and/or dysbindin-1 mutation resulted in cognitive memory deficits in adulthood.Fig. 1Adult Sdy mice given postnatal polyI:C displayed schizophrenia relevant behavioural abnormalities. **a** Experimental design in which mice were injected at postnatal day 5 (P5) to P9, and characterized in adulthood. **b** Spontaneous locomotor activity at P70. **c** Mean startle amplitude (baseline level) to an acoustic pulse of 120 decibels in ten trials without any prepulses. **d**, **e** Percent of prepulse inhibition (PPI) to a main pulse of 120 decibels following prepulse (PP) intensities of 3, 6, 9, 12 or 15 decibels (5 trials per each PP). **f** Novel object recognition in adulthood. **g** Exploration times. All values are mean ± s.e.m. of *N* = 12--17 per group for (**b**) and *N* = 12 per group for **c**--**g**. Data were analyzed using two-way ANOVA for (**c**, **g**) with Tukey's post hoc test for (**b**, **e**) or Student's two-tailed *t*-test for (**f**). \**P* \< 0.05 and \*\**P* \< 0.01

Furthermore, we assessed anxiety-like behaviour in adult mice using the elevated plus maze (EPM). A two-way ANOVA on the ratio of time spent in the open arm versus closed arm showed a significant main effect of polyI:C treatment (*F*(1,30) = 4.337; *P* = 0.0459) and also a significant genotype × polyI:C interaction (*F*(1,30) = 4.872; *P* = 0.0351). Further post hoc analysis revealed that postnatal polyI:C injections to Sdy mice, but not WT mice resulted in shorter time in open arms compared to saline treated Sdy (two-way ANOVA with Tukey's test; *P* \< 0.05; *N* = 7--10 per group; Supplementary Figure [1a](#MOESM1){ref-type="media"}). However, there was no difference in open arm entries across all groups (Supplementary Figure [1b](#MOESM1){ref-type="media"}). The EPM results reveal increased anxiety-like behaviour in adult Sdy mice given postnatal polyI:C.

We also tested fear acquisition to characterize fear conditioning and memory. A three-way ANOVA repeated measures showed a significant main effect of tone-shock trials (day 1) regardless of the genotype or treatment (*F*(2,66) = 142.33; *P* \< 0.001; *N* = 8--11 per group; Supplementary Figure [1c](#MOESM1){ref-type="media"}). These data suggest all mice learned the fear association task equally. In the cued memory test, we found a significant genotype x polyI:C x tone trials interaction (three-way ANOVA repeated measures; *F*(1,33) = 5.51; *P* = 0.025). Further post hoc Tukey's test revealed that polyI:C injections to Sdy, but not WT mice significantly attenuated freezing responses compared to Sdy saline mice after presentation of tone (*P* \< 0.01; *N* = 8--11 per group; Supplementary Figure [1d](#MOESM1){ref-type="media"}). In the contextual memory test, we identified a main effect of polyI:C treatment (*F*(1,33) = 7.703; *P* = 0.009) and a significant genotype x polyI:C interaction using two-way ANOVA (*F*(1,33) = 8.063; *P* = 0.0077). Post hoc Tukey's test revealed significantly attenuated freezing in Sdy polyI:C group compared to Sdy saline group (*P* = 0.0038; *N* = 8--11 per group; Supplementary Figure [1e](#MOESM1){ref-type="media"}). However, Sdy saline mice showed significantly increased freezing to the same context in comparison to WT saline mice (*P* = 0.0495; *N* = 8--11 per group; Supplementary Figure [1e](#MOESM1){ref-type="media"}). Taken together, the Sdy polyI:C model exhibited some abnormal behaviours in adulthood relevant to schizophrenia, giving the model good face validity for the positive symptoms of schizophrenia.

PolyI:C increases dysbindin-1 expression in the SVZ and dysbindin-1 regulates the immune response to polyI:C {#Sec4}
------------------------------------------------------------------------------------------------------------

To assess dysbindin-1's role in the response to polyI:C, we dissected the SVZ of WT and Sdy mice at P12 after saline or polyI:C injections from P5 to P9 (Fig. [2a](#Fig2){ref-type="fig"}). *Dtnbp1* mRNA was expressed in vivo in the SVZ of WT controls (Fig. [2b](#Fig2){ref-type="fig"}) but was not detected in Sdy mice, as expected (Fig. [2c](#Fig2){ref-type="fig"}). Surprisingly, *Dtnbp1* expression in the SVZ was significantly increased by polyI:C in WT mice (\~1.6-fold) in comparison to WT saline controls (Student's two-tailed *t*-test; *t*(4) = 9.721; *P* = 0.0006; *N* = 3 per group; Fig. [2b](#Fig2){ref-type="fig"}). We next asked if polyI:C could induce inflammatory gene expression in the SVZ. SVZs microdissected from the WT polyI:C group had significantly increased expression of *Tlr3* (\~1.9-fold), *RelA* (\~1.6-fold) and *Sp1* (\~1.7-fold) mRNAs in comparison to the WT saline group as analyzed using Student's two-tailed *t*-test (*N* = 3 per group; Fig. [2b](#Fig2){ref-type="fig"}). In contrast to WTs, in vivo polyI:C injections in Sdy mice did not increase *Tlr3*, *RelA* and *Sp1* mRNA expression compared to the Sdy saline group (Student's two-tailed *t*-test; *N* = 3 per group; *P* \> 0.05; Fig. [2c](#Fig2){ref-type="fig"}). These results suggested dysbindin-1 might regulate the polyI:C-induced SVZ response. Immunohistochemistry in the SVZ confirmed our results since polyI:C injections increased Tlr3 immunofluorescence in WT, but not in Sdy mice (Supplementary Figure [2](#MOESM1){ref-type="media"}). Thus, dysbindin-1 loss in Sdy mice blocked the canonical signalling response to polyI:C in the SVZ in vivo.Fig. 2Dysbindin-1 mediates the polyI:C-induced SVZ response. **a** In vivo experimental design in which mice were injected at postnatal day 5 (P5) to P9, and SVZ analyzed at P12. **b** *Dtnbp1*, *Tlr3*, *RelA* and *Sp1* mRNA expression in the SVZ. **c** *Dtnbp1* mRNA was undetected (UD) in Sdy SVZ. PolyI:C did not increase *Tlr3*, *RelA* and *Sp1* expression in the Sdy SVZ. **d** In vitro experimental design in which tertiary SVZ neurospheres (3° NS) were analyzed 3 h post-incubation (3hpi) in saline or polyI:C. **e** *Dtnbp1, Tlr3, RelA and Sp1* mRNA expression in WT neurospheres. **f** Sdy neurospheres incubated with polyI:C did not increase *Tlr3* expression, but decreased *RelA* and *Sp1* expression. **g** Rescue experimental design in which Sdy quaternary SVZ neurospheres (4° NS) nucleofected with *Dtnbp1* gene were analyzed 3hpi in saline or polyI:C. **h** Following *Dtnbp1* nucleofection (NF) in Sdy neurospheres, *Dtnbp1* mRNA was detected and *Tlr3*, *RelA* and *Sp1* mRNA expression was increased. All values are mean ± s.e.m. from three independent experiments. Data were analyzed using Student's two-tailed *t*-test (**b**, **c**, **e**, **f**); or two-way ANOVA (**h**). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001 and \*\*\*\**P* \< 0.0001

These in vivo results could have been indirect so we administered polyI:C to tertiary neurospheres which are composed of stem and progenitor cells (Fig. [2d](#Fig2){ref-type="fig"}). We detected dysbindin-1 mRNA expression in WT SVZ neurospheres incubated with saline (Fig. [2e](#Fig2){ref-type="fig"}) confirming the in vivo results and showing dysbindin-1 was not simply in axon terminals in the SVZ but expressed by stem/progenitor cells. Within 3 h of polyI:C administration to WT neurospheres, dysbindin-1 mRNA expression increased (\~1.8-fold) compared to WT saline controls (Student's two-tailed *t*-test; *t*(4) = 6.632; *P* = 0.0027; *N* = 3 per group; Fig. [2e](#Fig2){ref-type="fig"}). PolyI:C exposure in WT neurospheres also increased the in vitro expression of *Tlr3* (\~1.5-fold), *RelA* (\~2.0-fold) and *Sp1* (\~1.6-fold) in comparison to WT saline group (Student's two-tailed *t*-test; *N* = 3 per group; Fig. [2e](#Fig2){ref-type="fig"}). In contrast to WT, polyI:C administration to Sdy neurospheres did not increase *Tlr3* expression, and significantly reduced *RelA* (\~0.5-fold) and *Sp1* (\~0.6-fold) expression compared to the Sdy saline group as analyzed using Student's two-tailed *t*-test (*N* = 3 per group; Fig. [2f](#Fig2){ref-type="fig"}). Overall, these results confirmed our in vivo data that polyI:C increases dysbindin-1 expression and that dysbindin-1 is necessary for polyI:C-induced increases in *Tlr3-RelA*-*Sp1* expression. They also indicated that polyI:C and dysbindin-1 have direct and rapid effects in SVZ cells.

In order to confirm that *Tlr3*, *RelA* and *Sp1* were specifically regulated by dysbindin-1, we carried out a rescue experiment. Murine *Dtnbp1* plasmid was nucleofected into neurospheres from Sdy mice (Fig. [2g](#Fig2){ref-type="fig"}). Twenty-four hours post nucleofection, neurospheres were incubated with saline or polyI:C for 3 h. *Dtnbp1* nucleofection resulted in detectable *Dtnbp1* mRNA expression in saline exposed neurospheres (Fig. [2h](#Fig2){ref-type="fig"}). PolyI:C caused a slight increase in *Dtnbp1* mRNA expression compared to saline incubated neurospheres (Fig. [2h](#Fig2){ref-type="fig"}), suggesting Sdy neurospheres nucleofected with *Dtnbp1* were also responsive to polyI:C. Compared to mock-nucleofected Sdy neurospheres, we found a significant main effect of rescuing *Dtnbp1* mRNA expression on *Tlr3* expression (\~4.0-fold) increase regardless of treatment (two-way ANOVA; *F*(1,8) = 54.11; *P* \< 0.0001; *N* = 3 per group). Similarly, we found a significant main effect of *Dtnbp1* nucleofection to Sdy neurospheres on *RelA* (*F*(1,8) = 11.33; *P* = 0.0098) and *Sp1* (*F*(1,8) = 9.031; *P* = 0.0169) mRNA expression as determined with two-way ANOVA (*N* = 3 per group; Fig. [2h](#Fig2){ref-type="fig"}). Together, our data show that dysbindin-1 intrinsically regulated the expression of *Tlr3*, *RelA* and *Sp1* in SVZ cells.

SVZ microglia and leucocytes are altered by dysbindin-1 gene and polyI:C {#Sec5}
------------------------------------------------------------------------

We next investigated polyI:C and dysbindin-1 loss on immune cells in the SVZ. We studied Iba1+ cells in the SVZ at P12 following P5-9 saline or polyI:C injections in WT (*N* = 4) and Sdy (*N* = 6) mice (Fig. [3a](#Fig3){ref-type="fig"}). Although many immune cells can express Iba1 in the periphery, in resting conditions Iba1 is a commonly used marker for microglia in the brain.^[@CR28]^ Qualitative examination revealed Sdy mice contained more Iba1 + SVZ cells compared to WT mice (Fig. [3b, c](#Fig3){ref-type="fig"}). Sdy mice also exhibited more Iba1+ cells in the corpus callosum and striatum than WT mice (Fig. [3b, c](#Fig3){ref-type="fig"}). Two-way ANOVA revealed a main effect of the genotype on SVZ Iba1+ cell numbers (*F*(1,16) = 18.93; *P* = 0.0005) regardless of treatment (Fig. [3d](#Fig3){ref-type="fig"}). However, polyI:C compared to saline injections did not increase SVZ Iba1+ cell numbers or Iba1+ immunofluorescence in WT or Sdy mice (Fig. [3b-d](#Fig3){ref-type="fig"}).Fig. 3The SVZ of Sdy mice contain more microglia and exhibit increased leucocyte infiltration following peripheral polyI:C administration. **a** Experimental design showing the time-points of postnatal saline or polyI:C injections in WT and Sdy mice, SVZ samples were collected for analysis at P12. **b**, **c** Immunohistochemistry for Iba1 revealed a higher density of immunopositive cells in the SVZ (outlined), corpus callosum (cc) and striatum (str) of Sdy polyI:C compared to control WT saline group. **d** Sdy mice at P12 had significantly more Iba1+ cells in the SVZ regardless of treatment. **e**, **f** Double immunolabelling for Iba1 and CD45 in WT saline and Sdy polyI:C mice. Orthogonal views show a CD45-/Iba1+ cell in the SVZ of a WT saline mouse and a CD45+/Iba1− cell in the SVZ of a Sdy polyI:C mouse. **g** The total number of CD45+/Iba1− cells in the SVZ at P12 was increased in Sdy polyI:C compared to WT saline mice. All values are mean ± s.e.m. of *N* = 4 per WT groups and *N* = 6 per Sdy groups. Data were analyzed using two-way ANOVA for (**d**) with Tukey's test for (**g**). \**P* \< 0.05 and \*\*\**P* \< 0.001. Scale bars 100 μm for (**b**, **c**) and 25 μm for (**e**, **f**)

Systemic polyI:C injections activate leucocytes which can enter the brain via the SVZ. We quantified cells with high CD45 expression, total absence of Iba1 immunoreactivity and amoeboid morphology (Fig. [3e, f](#Fig3){ref-type="fig"}), which were likely infiltrating leucocytes. We found a significant main effect of the polyI:C treatment (*F*(1,16) = 5.919; *P* = 0.0271) and a main effect of the genotype (*F*(1,16) = 5.446; *P* = 0.0330) on the total number of CD45+/Iba1− cells in the postnatal SVZ (two-way ANOVA; *N* = 4--6 per group; Fig. [3g](#Fig3){ref-type="fig"}). Tukey's post hoc test showed that polyI:C injections significantly increased CD45+/Iba1− cell numbers in the postnatal Sdy SVZ compared to WT saline group (*P* = 0.0184; Fig. [3g](#Fig3){ref-type="fig"}). However, polyI:C injections in WT pups resulted in non-significant leucocyte increases compared to WT saline (two-way ANOVA with Tukey's test; Fig. [3g](#Fig3){ref-type="fig"}). In summary, loss of dysbindin-1 increased postnatal SVZ microglial numbers, and peripheral polyI:C in Sdy mice increased SVZ leucocyte infiltration.

Abnormal SVZ neurodevelopment in Sdy mice given postnatal polyI:C injections {#Sec6}
----------------------------------------------------------------------------

We next investigated effects of polyI:C and dysbindin-1 loss on SVZ neurodevelopment at P12 and P85 (Fig. [4a](#Fig4){ref-type="fig"}). Figure [4b](#Fig4){ref-type="fig"} shows mitotic phosphohistone-3+(PHi3) SVZ cells with co-immunolabeling of the neuroblast marker doublecortin (Dcx) in a WT saline mouse. There were fewer PHi3+/Dcx+ cells in the postnatal SVZ of the Sdy polyI:C group in comparison to WT saline group (Fig. [4b, c](#Fig4){ref-type="fig"}). Although two-way ANOVA showed only a significant main effect of polyI:C treatment on the total number of SVZ PHi3+ cells (*F*(1,8) = 9.65; *P* = 0.0145; *N* = 3 per group), Tukey's post hoc test showed that PHi3+ cell numbers were significantly reduced in Sdy polyI:C group compared to the WT saline group (Fig. [4d](#Fig4){ref-type="fig"}). In addition, there was a significant main effect of polyI:C injections on the number of PHi3+/Dcx+ cells in the P12 SVZ (two-way ANOVA; *F*(1,8) = 5.763; *P* = 0.0431; *N* = 3 per group; Fig. [4e](#Fig4){ref-type="fig"}), however Tukey's test did not reveal a specific difference among the different groups.Fig. 4Reduced postnatal and adult SVZ proliferation in Sdy polyI:C mice. **a** Postnatal WT and Sdy mice were injected with saline or polyI:C from P5-9 and brains were collected for analysis at postnatal age P12 or adult P85. **b**, **c** Representative images of double-labelled PHi3+/Dcx+ mitotic neuroblasts in the SVZ of WT saline group compared to Sdy polyI:C group. **b**',**c**' High-magnification confocal z stacks showing boxed areas in **b** and **c** with orthogonal views of a PHi3+/Dcx+ cell in **b**' and a PHi3+/Dcx− cell in **c**'. **d** The mean number of PHi3+ cells was significantly reduced in Sdy polyI:C group in comparison to the WT saline group. **e** PolyI:C treatment had a significant main effect on the number of PHi3+/Dcx+ mitotic neuroblasts in the SVZ at P12. **f**, **g** Representative images showing PHi3+ cells in the SVZ of adult WT saline and Sdy polyI:C mice, with higher magnification of yellow-boxed areas illustrated in insets. **h** The number of proliferative (PHi3+) cells in the adult SVZ of Sdy polyI:C mice was significantly decreased compared to WT saline mice. All values are mean ± s.e.m. of *N* = 3 per group for (**d**, **e**) and *N* = 6 per group for (**h**). Data were analyzed using two-way ANOVA for (**e**) with Tukey's post hoc test for (**d**, **h**). \**P* \< 0.05. Scale bars 100 μm for (**b**, **c** and **f**, **g**), 20 μm for (**b**', **c**') and 15 μm for (**f**', **g**')

Most schizophrenia symptoms arise in adulthood even though genetic and environmental risk factors may affect perinatal brain development. We therefore asked if the Sdy x polyI:C postnatal effect might persist (Fig. [4f--h](#Fig4){ref-type="fig"}). Two-way ANOVA revealed a significant main effect of postnatal polyI:C treatment on the number of PHi3+ cells in adult SVZ (*F*(1,20) = 8.449; *P* = 0.0087; *N* = 6 per group). Tukey's post hoc test showed that the number of PHi3+ cells was specifically reduced in adult Sdy polyI:C group compared to the WT saline group (*P* = 0.031; Fig. [4f--h](#Fig4){ref-type="fig"}), indicating a long-lasting impact.

We also characterized the neuroblast population and proliferation in the destination of SVZ cells, the rostral migratory stream (RMS) at P85 (Supplementary Figure [3a](#MOESM1){ref-type="media"}). The neuroblast population was decreased in adult Sdy mice given postnatal polyI:C (Supplementary Figure [3b-c](#MOESM1){ref-type="media"}). Although two-way ANOVA showed a significant main effect of polyI:C treatment on the RMS neuroblast population (*F*(1,8) = 32.32; *P* = 0.0005; *N* = 3 per group), Tukey's test revealed that it was only significantly reduced in the Sdy polyI:C group in comparison to WT saline and Sdy saline groups (*P* \< 0.01; Supplementary Figure [3d](#MOESM1){ref-type="media"}). The number of PHi3+ cells in the RMS was not significantly different among the four groups (Supplementary Figure [3e](#MOESM1){ref-type="media"}). Our results indicate the genetic or environmental risk factors alone were not sufficient to affect SVZ neurodevelopment. However a combination of these factors caused both a short- and long-term impact on SVZ neurodevelopment. We present a schematic summary of our main results in Fig. [5](#Fig5){ref-type="fig"}.Fig. 5Summary of the main study hypothesis, experimental design and results. **a** Our major hypothesis. **b** Study design, research areas, experimental tests and outcomes of our study. Sdy polyI:C mice had more effects than the Sdy or PolyI:C alone groups. Note, the experimental design and timelines are colour-coded and coordinated with the experimental tests in (**b**) and overall hypothesis in (**a**). Also note *Dtnbp1* is not expressed in Sdy samples. **c** Schematic diagram illustrating the main molecular and cellular results of the study. PolyI:C induced dysbindin-1 (*Dtnbp1*) expression, and *Dtnbp1* enhanced *Tlr3* expression in SVZ cells. Sandy SVZ cells that lack dysbindin-1 showed blocked *Tlr3*-*RelA*-*Sp1* immune response to polyI:C. Microglial number was higher in postnatal Sandy SVZ than in WT controls. Leucocyte permeability was increased in postnatal SVZ of Sandy, but not WT mice given systemic polyI:C injections. Postnatal polyI:C injections reduced SVZ proliferation in postnatal Sandy mice, which continued to adulthood

We next asked whether proliferation is affected in the dentate gyrus subgranular zone (SGZ), the other major neurogenic niche of the adult brain. We found no statistically significant difference in the numbers of SGZ cells positive for the proliferation marker Ki67+ or double positive for Ki67+/Dcx+ (Supplementary Figure [4a-c](#MOESM1){ref-type="media"}). These results suggest the SVZ niche is especially vulnerable to this model of GxE interaction.

Discussion {#Sec7}
==========

We show that the schizophrenia-relevant dysbindin-1 (*Dtnbp1*) gene is necessary for the innate immune response to the viral mimetic polyI:C, and that polyI:C in turn increases dysbindin-1 expression. We also measured cellular and behavioural parameters linked to schizophrenia and found that several of these parameters were only significantly disrupted in the combined Sdy polyI:C mice. Hence, our findings suggest insights into the underlying mechanisms that lead to synergistic effects of distinct classes of risk factors for schizophrenia.

In order to confirm the relevance of the Sdy polyI:C mice to schizophrenia, we carried out several behavioural tests germane to the disease and to other neuropsychiatric disorders. Adult Sdy mice, given polyI:C postnatally, had reduced PPI, suggesting sensorimotor gating deficits similar to what has been observed in schizophrenia. Although adult Sdy mice reportedly have decreased PPI,^[@CR29]^ this did not reach statistical significance by itself in our study. We found Sdy polyI:C mice had deficits in object recognition memory, an endophenotype suggestive of abnormal cognitive function which can be observed in schizophrenia as well as depression.^[@CR30],[@CR31]^ WT polyI:C and Sdy saline mice also had disrupted object recognition in adulthood, supporting previous reports.^[@CR24],[@CR32],[@CR33]^ Also, the Sdy polyI:C group showed impaired fear memories to both contextual and tone cues, indicating attenuated memory of fearful events. The reduced locomotion in our Sdy polyI:C mice might indicate disrupted neural function since novel environments normally lead to increased dopamine release and locomotor activity in rodents.^[@CR34]^ PolyI:C injections in Sdy mice enhanced anxiety-like behaviour as they spent significantly less time in the open compared to closed arm. This supports a previous report in which human *DTNBP1* variation has been associated with anxiety in addition to schizophrenia^[@CR35]^ Taken together, dysbindin-1 mutation in combination with postnatal immune activation increased the susceptibility to developing some schizophrenia-like behavioural symptoms. The similarities of some of these behaviours with those disrupted in schizophrenia give our model good face validity for the positive symptoms of the disease.

We then found an interesting impact of dysbindin-1 mutation on the immune response to polyI:C. *Tlr3*, *RelA* and *Sp1* mRNA expression levels increased in the SVZ of WT mice given polyI:C, demonstrating a normal immune response to polyI:C in a neurogenic niche. Unexpectedly, dysbindin-1 expression also increased in response to polyI:C. We do not know how this occurs, however there is evidence that RelA and Sp1 might regulate dysbindin-1 expression.^[@CR36],[@CR37]^ In contrast to WT mice, Sdy mice did not exhibit increased *Tlr3*, *RelA* and *Sp1* following polyI:C administration, suggesting that dysbindin-1 is necessary for this canonical immune signalling response. This is consistent with another study showing impaired TLR3 expression following polyI:C administration to monocytes derived from schizophrenic patients.^[@CR38]^

Importantly, we further supported these findings through a nucleofection experiment in which *Dtnbp1* gene rescued *Tlr3*, *RelA* and *Sp1* expression in Sdy neurospheres. This might indicate that *Dtnbp1* has a direct functional effect on *Tlr3* followed by *RelA* and *Sp1* induction. As well, the comparable increase in *Tlr3*-*RelA-Sp1* expression in *Dtnbp1* nucleofected neurospheres with or without polyI:C might be due to a dosage effect; *Dtnbp1* overexpression may have caused increased *Tlr3*-*RelA-Sp1* to reach a threshold that polyI:C treatment could not surpass. In comparison to non-nucleofected Sdy neurospheres, polyI:C treatment to mock-nucleofected Sdy neurospheres showed a masked reduction in *RelA* and *Sp1* mRNA which might be due to the nucleofection protocol itself that slightly altered the response of neurospheres. Future in vivo rescue experiments would further support our in vitro results. Despite these caveats, together our results imply that dysbindin-1 is functionally required to induce the innate immune response to viral-like infection in the SVZ neurogenic niche.

The microglial population in the postnatal SVZ of Sdy mice was increased, supporting the role of dysbindin-1 in regulating immune function. These results are interestingly similar to another study that showed increased microglial density in postmortem schizophrenic brains,^[@CR39]^ and may also suggest a developmental origin of microglial dysregulation in schizophrenia. In addition, leucocytes infiltrating into the SVZ were investigated in our study since peripheral polyI:C could stimulate immune cell recruitment into the brain. The number of leucocytes found in the SVZ of postnatal WT mice was not altered by polyI:C suggesting the blood-brain barrier remained unperturbed.^[@CR40],[@CR41]^ However, we found increased number of leucocytes in the postnatal SVZ of the Sdy polyI:C mice, and this supports a previous study reporting increased lymphocyte infiltration in the hippocampus of schizophrenic patients.^[@CR42]^ We used Iba1 to mark brain microglia^[@CR28]^ and CD45+/Iba1− immunoreactivity to label peripheral leucocytes. No current antibody-based marker perfectly distinguishes microglia from macrophages or other peripheral immune cells, although TMEM119 has been proposed as specific for microglia and could help categorize these populations in future studies.^[@CR43]^ As well, the plasticity of monocytes and macrophages is well known.^[@CR44]--[@CR46]^ Ultimately, adoptive transfer would be needed for definitive attribution of the peripheral source of immune cells, however that was beyond the scope of this work. This limitation notwithstanding, we provide evidence for the first time to our knowledge that dysbindin-1 regulates immune cell homeostasis in the developing SVZ.

We expected polyI:C injections to increase SVZ microglial numbers in WT mice. This was not observed, showing that systemic injections were insufficient for increasing microglial numbers even though *Tlr3* expression indicated inflammation at the molecular level. The increased numbers of microglia in Sdy SVZs may also seem paradoxical since Sdy mice had blocked *Tlr3*-*RelA*-*Sp1* responses to polyI:C suggesting a dampened inflammatory response. However, the increased microglial number does not necessarily imply microglial activation. We evaluated the expression of *Tlr3*-*RelA*-*Sp1* genes in all SVZ cells, which include microglia,^[@CR27]^ and the role of these genes in microglial proliferation remains unclear. Therefore, the increase in microglial number in Sdy mice may indicate that the dysbindin-1 mutation itself (but not polyI:C) contributed to this phenotype during early development. In fact, dysbindin-1 is strongly expressed during late embryonic development (E14/E18),^[@CR47]^ which coincides with massive microglial proliferation at E16.^[@CR48]^ Thus, dysbindin-1 may limit the embryonic microglial pool, and dysbindin-1 loss may expand the prenatal microglial population resulting in increased postnatal numbers.

In addition to immune regulation, we showed that dysbindin-1 has a neurodevelopmental function in the SVZ in the context of polyI:C-induced inflammation. We found evidence for reduced proliferation in both postnatal and adult Sdy mice given early postnatal polyI:C injections, indicating a role for dysbindin-1 in maintaining proliferation following inflammation. Although there is no direct evidence that *Tlr3* and *Sp1* regulate SVZ proliferation, *RelA* is directly involved in this function in adult SVZ neurospheres.^[@CR49]^ Interestingly, increased physical activity was previously shown to associate with increased SVZ proliferation.^[@CR50]^ We found that postnatal polyI:C injections to Sdy but not WT mice resulted in reduced locomotor activity which may have contributed to the decreased SVZ proliferation. Similarly, neuroblast populations in the RMS of the Sdy polyI:C mice were reduced which may be explained by lower rates of neuroblast migration from the SVZ. This is further supported since SVZ proliferation was diminished in the Sdy polyI:C mice, reducing the pool of neuroblasts available for RMS migration. We believe these results are relevant since neurons born in the human SVZ are thought to migrate to the olfactory bulbs and cerebral cortex postnatally^[@CR51]^ and to the striatum^[@CR52]^ in adults. These regions are likely involved in multiple symptoms in schizophrenia.^[@CR53]^ Interestingly, previous work led to the hypothesis that GxE interactions converge to regulate dopamine release and neurogenesis in the ventral striatum, particularly in the Islands of Calleja, in which neuronal clusters generated from the SVZ are much expanded in humans.^[@CR54]^ Genetic alteration in the dopamine D2 receptor is a major risk factor for developing schizophrenia^[@CR55]^ and the dopamine D3 receptor is necessary for SVZ neurogenesis.^[@CR56]^ Thus it would be important in future studies to examine striatal dopamine release and function using the Sdy polyI:C mice. Together, we have shown that dysbindin-1 maintained certain features of normal neurodevelopment following perinatal viral-like infection. These findings expand our knowledge of the classical functions of dysbindin-1 in neurotransmitter release and receptor internalization,^[@CR3],[@CR7]^ and show for the first time a neurodevelopmental function for dysbindin-1 in the SVZ neurogenic niche.

Postmortem sections have revealed evidence for decreased hippocampal dentate gyrus neurogenesis in humans with schizophrenia.^[@CR57]^ The hippocampus encodes memories and since the Sdy polyI:C group had disrupted fear memories to both contextual and tone cues and also exhibited deficits in object recognition memory, we hypothesized that hippocampal neurogenesis may be altered. However, there were no statistically significant differences from controls in adult SGZ proliferation after polyI:C treatment in both WT and Sdy mice. Other experiments also showed that Sdy mice do not have significantly altered SGZ proliferation but revealed altered differentiation rates of newborn neurons.^[@CR58],[@CR59]^ In future work it will be important to further probe the combination of polyI:C and dysbindin-1's potential role in regulating different aspects of the neurogenic lineage in the hippocampal neurogenic niche.

In conclusion, we report novel evidence that dysbindin-1 is functionally required for initiating a normal immune response to an environmental stimulus, polyI:C, and that it is necessary for normal neurodevelopment, immune homeostasis and behavioural functions. Many groups studying schizophrenia stimulate the immune system of pregnant dams, therefore it will be interesting to see if such prenatal polyI:C stimulation in Sdy mice also causes effects similar to this study. This is especially important since recent genome-wide association studies (GWAS) support a strong association between schizophrenia and immunity.^[@CR55],[@CR60]^ Our work provides molecular insight into how a genetic defect related to schizophrenia in combination with an environmental insult can result in amplified abnormalities relevant to the disease. It will be interesting for future studies to use cell cultures to determine if humans with schizophrenia and dysbindin-1 (*DTNBP1*) mutations have altered homoeostatic or inflammation-induced immune responses. Also, it will be fascinating to discover if other schizophrenia risk genes may be functionally required for regulating immune function in response to environmental risk factors.

Methods {#Sec8}
=======

Animals {#Sec9}
-------

Dysbindin-1 mutant (Sandy-Sdy) mice on C57BL/6 background were obtained from the Jackson Laboratory in Canada by our co-author Professor Lalit Srivastava (McGill University). Animal use was in accordance with the guidelines of the Canadian Council of Animal Care and was approved by the McGill University Animal Care Committee.

All animal procedures were carried out with Oxford University Research Ethics Committee approval in accordance with the Animals (Scientific Procedures) Act of 1986 (UK).

PolyI:C administration {#Sec10}
----------------------

5 mg/kg polyI:C (Invivogen tlrl-pic, 1 mg/ml stock solution in 0.9% NaCl) or equivalent volumes of normal saline (0.9% NaCl, Aqupharm 01300101) were injected intraperitoneally (i.p.) into postnatal Sdy and WT pups from P5 to P9 (five injections, once daily). In all experiments, animals within the same litter were divided into two groups receiving either saline or polyI:C injections in order to avoid effects of litter variations.

Perfusion and tissue preparation {#Sec11}
--------------------------------

Postnatal day 12 and adult mice were deeply anaesthetized with an overdose of 0.05 ml or 0.1 ml, respectively, i.p. injection of pentobarbitone (200 mg). They were then transcardially perfused with ice-cold 0.9% normal saline followed by ice-cold 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS). Brains were carefully dissected out and post-fixed for 24 h in 4% PFA at 4 °C followed by cryoprotection for 3--4 days in 30% sucrose in phosphate buffer (PB) at 4 °C. Brains were snap-frozen on dry ice and stored at −80 °C.

Microtome sectioning {#Sec12}
--------------------

Sliding microtome (Leica SM2000R) was used to cut frozen brains into 30 μm coronal sections. Frozen brains were first mounted onto a frozen stage with 0.1 M PB (pH 7.2) then serially cut and placed as free-floating sections in cryoprotectant in 48-well plates and stored at −20 °C. The mouse brain stereotaxic atlas by Franklin & Paxinos (2001) was used as a reference for determining the coronal coordinates of the brain regions.^[@CR61]^ The sections collected from the RMS are 2.46 to 1.94 mm relative to bregma; whereas, the SVZ are 1.10 to −0.82 mm to bregma and SGZ are −0.94 mm to −2.70 mm to bregma.

Neurosphere culture {#Sec13}
-------------------

Postnatal day 5 littermates were anaesthetized by hypothermia followed by decapitation and whole brains were dissected out and sectioned into 0.5 mm coronal slices using a neonatal mouse brain slicer matrix (Zivic instruments BSMNS005-1). Under a sterile laminar flow hood, both striatal and septal SVZ were microdissected in ice-cold Advanced DMEM (Dulbecco's Modified Eagle Medium, Gibco) and were pooled together from *N* = 2--5 littermates per group. SVZ tissues were briefly centrifuged; supernatant aspirated and tissues were dissociated into single cells by incubation in 1 ml Accutase solution (Sigma A6964). Then two washes in neurobasal A medium (Gibco 10888-022) containing B27 (Gibco 17504), Glutamax (Gibco 35050-038), Penicillin/Streptomycin (Gibco 15070-063) before resuspending the cell pellets in the medium with added growth factors of 20 ng/ml EGF (Sigma E4127) and 20 ng/ml bFGF (R&D Systems 3139-FB-025). Cells were counted using a haemocytometer, plated at a density of 100,000 cells/ml in six-well plates (2 ml/well) and incubated at 37 °C and 5% CO~2~. To avoid neurosphere adhesion to the wells, the six-well-plates were coated with 1.2 mg/ml poly-HEMA (poly(2-hydroxyethyl methacrylate), Sigma P3932) in 95% ethanol and were allowed to air dry inside sterile laminar hood before use. Neurospheres were passaged and given fresh media every fourth day.

Nucleofection {#Sec14}
-------------

A total of 1 × 10^6^ dissociated cells from quaternary passaged Sdy neurospheres were nucleofected with pCMV6-Dtnbp1 expression plasmid (OriGene MR205351) or mock-nucleofected according to the protocol of Nucleofector Kit for Mouse Neural Stem Cells (LONZA VPG-1004). Nucleofected cells were immediately transferred into one-well in poly-HEMA coated 12-well plates that contained culture medium and incubated at 37 °C and 5% CO~2~. After 24 h, cells were suspended in fresh culture medium and each sample was split into two wells (0.5 ml/well) in poly-HEMA coated 24-well plates and equal volumes of pre-warmed saline or polyI:C (50 μg/ml) were added. This experimental design worked as "within wells control" and therefore any detected response is likely due to the treatment itself and not due to variation in cell populations. Neurospheres were incubated at 37 °C and 5% CO~2~ for 3 h before use in RT-qPCR.

Statistics {#Sec15}
----------

Data were analyzed using GraphPad Prism (version 7.0a). Student's *t*-test was used to analyze differences between two groups. Two or three-way analysis of variance (ANOVA) was used to analyze two or more groups with two or three independent variables, respectively, and was followed by Tukey's multiple comparisons test where appropriate. Data were presented as mean ± standard error of the mean (s.e.m).

Data availability {#Sec16}
-----------------

All relevant data will be made available upon request.
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